Introduction
An unexplained characteristic of untreated HIV-1 infection is sustained expansion of circulating CD8 + T cell numbers that has been associated with increased CD8 + T cell activation, cycling, and turnover (1-3). The drivers of CD8 + T cell activation and expansion are not clearly defined, and, importantly, CD8 + T cell expansion is linked to an increased risk of morbidity and mortality during treated HIV-1 infection (4-7). While expansion of CD8 + T cells in response to HIV-1 peptides is demonstrable in early infection, it is unlikely that expansion of HIV-1-reactive cells constitutes the bulk of the CD8 + T cell expansion. In chronic infection, for example, only 1%-18% of circulating CD8 + T cells are demonstrably HIV-1-reactive (8-10), while the proportion of circulating CD8 + T cells expressing activation markers such as CD38 and HLA-DR may exceed 60% (11, 12), and CD8 + T cell numbers in circulation are typically expanded severalfold (2, 3, 9, 11, 13, 14).
We have provided evidence recently that the increased cycling of memory CD4 + T cells in viremic HIV-1-infected patients appears to be largely the consequence of bystander activation (15) . CD8 + T cell activation predicts the course of disease during untreated infection (4-7), and CD8 + T cell expansion predicts the course of treated HIV-1 infection (13). We show here that memory CD8 + T cells are frequently cycling in untreated HIV-1 infection and that the T cell receptor repertoire of the cycling cells is tightly linked to the T cell receptor repertoire of the resting memory CD8 + T cell compartment. Despite this, in HIV-1 infection, but not in healthy controls, cycling is particularly enriched among memory cells with specificities for viral peptides, regardless of peptide prevalence. In addition, CD8 + T cells with specificities for both prevalent and nonprevalent microbial peptides are enriched for expression of granzyme B in HIV-1 infection. This phenotype of CD8 + T cell cycling and granzyme B expression can be reproduced in vitro by exposure to IL-15. IL-15 protein expression is increased in the lymph nodes of untreated HIV-1-infected patients, and suppression of HIV-1 replication by antiretroviral therapy (ART) normalizes IL-15 levels. In contrast to findings among healthy individuals and ART-treated subjects, lymph node IL-15 levels in untreated HIV-1 infection are correlated with circulating CD8 + T cell numbers. These data suggest that IL-15 may drive the dramatic bystander expansion and functional differentiation of CD8 + T cells in chronic HIV-1 infection.
In HIV-1-infected patients, increased numbers of circulating CD8 + T cells are linked to increased risk of morbidity and mortality. Here, we identified a bystander mechanism that promotes CD8 T cell activation and expansion in untreated HIV-1-infected patients. Compared with healthy controls, untreated HIV-1-infected patients have an increased population of proliferating, granzyme B + , CD8
+ T cells in circulation. Vβ expression and deep sequencing of CDR3 revealed that in untreated HIV-1 infection, cycling memory CD8 T cells possess a broad T cell repertoire that reflects the repertoire of the resting population. This suggests that cycling is driven by bystander activation, rather than specific antigen exposure. Treatment of peripheral blood mononuclear cells with IL-15 induced a cycling, granzyme B + phenotype in CD8 + T cells. Moreover, elevated IL-15 expression in the lymph nodes of untreated HIV-1-infected patients correlated with circulating CD8 + T cell counts and was normalized in these patients following antiretroviral therapy. Together, these results suggest that IL-15 drives bystander activation of CD8 + T cells, which predicts disease progression in untreated HIV-1-infected patients and suggests that elevated IL-15 may also drive CD8 + T cell expansion that is linked to increased morbidity and mortality in treated patients.
IL-15 promotes activation and expansion of CD8 + T cells in HIV-1 infection
Vβ expression of Ki-67 + cells was actually better correlated to the Vβ distribution of the Ki-67 -cells than was seen among healthy controls ( Figure 2B ; mean Spearman r value = 0.94 vs. 0.90, P = 0.0048, Mann-Whitney). One possible explanation for the slightly stronger correlation in HIV-1 infection is that the memory CD8 + T cell repertoire often tends to greater representation of certain Vβ families in both the Ki-67 + and Ki-67 -memory compartment, as has been seen in some (16, 17) but not all studies (18) .
To analyze further the diversity of proliferating and nonproliferating memory CD8 T cells, cycling and noncycling CD45RO +
CCR7
-CD8 + T cells from 3 HIV-1 viremic and 3 healthy uninfected subjects were FACS-sorted, and 60,000 purified cells from each population were lysed and CDR3 segments were sequenced. Cycling and noncycling cells were distinguished by surface expression of CD71, the transferrin receptor that is a nearperfect marker of cells expressing intracellular Ki-67 (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI85996DS1). As shown in Figure 2C , the distribution of CDR3 sequences among cycling effector memory CD8 + T cells reflected the distribution of CDR3 sequences among the resting effector memory CD8 + T cell population in both healthy controls and viremic HIV-1-infected people. Sequence diversity of these populations as measured by the Shannon entropy calculation (see Methods) was similar in cycling and noncycling populations of patients and controls ( Figure 2D) .
Thus, by both Vβ expression and deep sequencing of the CDR3 region, the T cell receptor diversity of cycling effector memory CD8 + T cells reflects the clonal diversity of the entire CD8 + effector memory population in health and in untreated HIV-1 infection. If bursts of antigen-driven activation and cycling are occurring in untreated HIV infection, they are occurring below the limits of our ability to detect them and the vast majority of CD8 + T cell cycling in untreated HIV infection (and in health) appears to be driven by bystander mechanisms.
Memory CD8 + T cells reactive with viral peptides are more frequently cycling in untreated HIV-1 infection irrespective of antigen prevalence. As memory CD8 + T cell cycling appeared to be driven largely by bystander mechanisms, we examined the binding of MHC class I HLA-A*02:01 tetramers that detect CD8 + T cells specific for a short-lived viral infection (influenza) or for persistent viral infections (CMV and HIV-1). Among healthy controls, the cycling frequency among effector memory (CD45RO + CCR7 -) CD8 + T cells that bound either influenza or CMV peptide-tetramer complexes was similar to or lower than the cycling fre-
Results
The proportion of Ki- 14) . We compared the frequency of cycling in untreated HIV-1 infection, healthy controls, healthy elderly patients, and HIV-1-infected patients receiving suppressive ART who either normalized circulating CD4 T cells ("immune successes") or did not increase circulating CD4 T cells to levels greater than 350/μl ("immune failures"). Patient characteristics are shown in Table 1 .
As shown in Figure 1A Figure 1D) .
Cycling memory CD8 + T cells exhibit a broad T cell receptor repertoire during untreated HIV-1 disease. We hypothesized that if cycling were largely a consequence of antigen-driven expansion of memory cells during untreated HIV-1 infection, we might see a skewing of the T cell receptor repertoire among the cycling cells. We therefore compared the Vβ distribution of Ki-67 + CD45RO + CD8 + T cells to the Vβ distribution among Ki-67 -CD45RO + CD8 + T cells of healthy donors (n = 6) and untreated HIV-1-infected patients (n = 9) using a panel of monoclonal antibodies that identifies approximately 70% of the T cell receptor Vβ repertoire. Figure 2A shows (CD45RO + CCR7 -) population than among the terminally differentiated (CD45RO -CCR7 -) population and increased cycling among cells reactive with peptides of HIV-1, CMV, and influenza.
Thus while our studies of repertoire diversity suggest that bystander mechanisms rather than ongoing exposure to antigen are driving CD8 T cell cycling in untreated HIV-1 infection, cells with memory of viral peptide exposure may be particularly prone to cycling irrespective of the persistence of antigen.
Memory CD8 + T cells reactive with viral peptides are enriched for granzyme B in untreated HIV-1 infection, even in the absence of antigen.
To explore further the characteristics of memory CD8 + T cells in HIV-1 infection, we examined the expression of granzyme B in peptide-tetramer-reactive cells, reasoning that persistent viral infections such as CMV or HIV-1 sustain continuous CD8 + T cell stimulation. By contrast, influenza-reactive CD8 + T cells would be expected to transition into a resting state once virus is cleared during the course of self-limited infection. In healthy controls, most influenza-specific CD8 + T cells are in the granzyme B -subset whereas, on average, approximately 70% of CMV peptide-binding CD8 + quency among all effector memory CD8 + T cells ( Figure 3A ). In contrast and perhaps not surprisingly, in untreated HIV-1 infection, the cycling of effector memory CD8 + T cells binding CMV and HIV-1 peptide-tetramer complexes was significantly greater than among the total effector memory CD8 + T cell population (median 25% of CMV peptide-tetramer-binding and 30% of HIV peptide-tetramer-binding effector memory CD8 + T cells were Ki-67 + vs. 16% of total effector memory CD8 + T cells, P < 0.01) ( Figure 3B ). This may reflect the sustained or intermittent exposure of these cells to peptides derived from these replicating viruses. To our surprise, however, the cycling of effector memory CD8 + T cells binding influenza peptide-tetramer complexes was also significantly greater than among the total effector memory CD8 + T cell population (median 35% vs. 16%, P = 0.0022), although many of these samples (8 of 20) were obtained during seasons when influenza exposure was unlikely. A representative flow cytometry result from an untreated patient sample is shown in Figure 3C demonstrating both an expected greater proportion of cycling cells in the effector memory Expression of CCR7, CD45RO, and granzyme B among total peripheral blood CD8 + T cells in healthy controls (n = 7, white bars) and HIV-1-infected viremic patients (n = 20, black bars). **P < 0.01, ***P < 0.001 by Kruskal-Wallis test.
examined IL-15 expression in the lymph nodes (LNs) of HIV-1-infected patients and HIV-1-uninfected controls. Patient characteristics are listed in Table 2 . Shown in Figure 6A are representative IL-15 stains of LN sections from a healthy control, an HIV-1 viremic subject, and an HIV-1-infected patient with controlled viremia on ART. Summary data representing the proportional surface area of each node expressing IL-15 are shown in Figure 6B . Among 17 healthy controls, 22.5% ± 3.1% (mean ± SE) of the LN T cell zone area stained positively for IL-15 versus 40.3% ± 4.9% in 13 viremic untreated patients (P = 0.008, Kruskal-Wallis test). Among the 12 ART-suppressed patients, 24.4% ± 5.3% of the LN surface areas stained positively for IL-15, which was significantly lower than the staining seen in the nodes of viremic subjects (P = 0.03) but not different from the staining in healthy controls' LNs.
A potential role of IL-15 in CD8 + T cell expansion is suggested further by a significant positive correlation (r = 0.582, P = 0.040) between LN IL-15 levels and circulating CD8 + T cell numbers in the viremic patients ( Figure 6C ). We did not observe a correlation between plasma HIV-1 RNA levels and IL-15 expression in LNs of untreated patients (Supplemental Figure 2A) , nor did we find a correlation between LN IL-15 levels and circulating CD8 + T cell numbers in healthy controls or ART-treated HIV-1 infection (Supplemental Figure 2 , B and C, respectively).
Lastly, plasma levels of IL-15 did not correlate with peripheral CD8 T cell counts in the untreated cohort, the ART-treated patients, or the healthy controls (data not shown).
Discussion
Expansion of circulating CD8 + T cell numbers is characteristic in untreated HIV-1 infection; these numbers remain elevated even after years of suppressive ART, and in recent studies, persistent expansion of these cells has been linked to increased risk of morbidity and mortality (13, 21, 22) . What then drives this expansion? Here we confirm profound increases in memory CD8 + T cell cycling in untreated HIV-1 infection (3, 13, [23] [24] [25] and show that CD8 + T cell cycling normalizes with suppression of HIV-1 replication. To identify the determinants of this increased cycling, we examined the diversity of the T cell repertoire in untreated infection and found that the Vβ distribution between cycling and noncycling memory CD8 + T cells was tightly correlated, and even better correlated in untreated HIV-1 infection than among healthy controls. More detailed characterization of T cell receptor diversity by deep sequencing of CDR3 regions confirmed that the cycling memory CD8 T cells in untreated HIV infection represented the diversity of the entire resting memory CD8 T cell repertoire. This suggests that although there may be greater and more sustained exposure to particular antigens that may skew the CD8 + T cell Vβ repertoire in acute HIV-1 infection (26, 27) , most cycling in chronic HIV-1 infection is driven by bystander mechanisms and not by T cell receptor stimulation.
We then examined the cycling and granzyme B expression of memory CD8 + T cells reactive with peptides derived from both persistent (HIV-1 or CMV) and nonpersistent (influenza) pathogens. We found that in healthy controls, cycling of CMV-and influenzareactive effector memory CD8 + T cells was comparable to or lower than the cycling frequency in the entire effector memory CD8 
IL-15 drives memory CD8 + T cell cycling and granzyme B expression in vitro.
To further investigate the hypothesis that memory CD8 + T cell activation, cycling, and expansion are largely driven by bystander mechanisms, we examined the effects of selected cytokines on memory CD8 + T cell cycling and phenotype. We examined the effects of 3 common γ chain receptor cytokines (IL-2, IL-7, and IL-15) known to drive T cell proliferation. We also examined the effects of 2 inflammatory cytokines (IL-1β and IL-6) that are expressed at high levels in HIV-1 infection (19, 20) and that have been shown to induce variable degrees of T cell cycling and proliferation (20) . Peripheral blood mononuclear cells (PBMCs) from healthy HLA-A*02:01 participants were incubated with concentrations of cytokines that we had previously demonstrated to be optimal for driving CD4 + T cell cycling and proliferation (20) . We found that IL-15 and, to a lesser extent, IL-7 increased the proportion of CD8 + T cells expressing granzyme B ( Figure 5 , A and C), and this was particularly apparent among CD8 + T cells recognizing influenza or CMV peptides. Low-level CD8 + T cell cycling was induced in vitro by IL-7 exposure, while IL-15 induced substantial CD8 + T cell cycling ( Figure 5 , B and C), and, importantly, cycling induced by IL-15 was exaggerated among memory CD8 + T cells reactive with both CMV and influenza peptides. Thus, by exposing PBMCs to IL-15 in vitro, we were able to generate in vitro the cycling and potentially cytolytic phenotype of CD8 + T cells identified in HIV-1-infected patients. of cycling among CD8 + T cells reactive with peptides derived from both persistent viruses (CMV and HIV-1), but there was also enrichment of cycling among memory CD8 + T cells reactive with peptides derived from influenza virus. This was not a consequence of recent exposure to influenza peptides, as within each group (patients and controls) the frequency of cycling among influenza-specific CD8 T cells was similar irrespective of timing of sample collection within or outside of the influenza season (data not shown). We found enrichment for granzyme B expression in CMV-reactive but not influenza-reactive memory CD8 + T cells of healthy controls, suggestive of ongoing exposure to CMV but not influenza in these subjects. In untreated HIV-1 infection, however, not only were CMVand HIV-1-reactive memory CD8 + T cells enriched for granzyme B expression, but so also were influenza-reactive CD8 + T cells. These findings when taken together suggest that the increased cycling, CD8 + T cell expansion, and granzyme B expression in HIV-1 infection could be driven by bystander mechanisms. We show here that in vitro exposure to IL-15 induces both cycling and granzyme B expression in memory CD8 + T cells, and these effects were particularly enriched among cells with memory for these viral peptides.
Earlier studies in other settings have demonstrated an important role for IL-15 in the expansion of memory CD8 + T cells (28) (29) (30) and in the induction and maintenance of granzyme B expression (31) (32) (33) . We have previously reported a trend to increased production of supernatant IL-15 by LN histocultures of HIV-1-infected subjects (11). Increased IL15 mRNA was found in alveolar macrophages (34, 35) and in blood myeloid dendritic cells of HIV-1-infected patients not receiving ART (35) . Our study extends these earlier findings, placing them into context by providing strong evidence that IL-15 drives bystander memory CD8 + T cell expansion in HIV-1 infection, demonstrating high levels of IL-15 protein in LN sites of T cell maturation in untreated HIV-1-infected patients. This is important as posttranscriptional mechanisms are important regulators of IL-15 expression (36) . We further demonstrate that LN IL-15 levels are correlated with in vivo circulating CD8 + T cell numbers and that ART normalizes both LN IL-15 levels and the frequency of CD8 + T cell cycling. T cell receptor repertoire analysis confirms the hypothesis that bystander mechanisms are major drivers of CD8 + T cell cycling during chronic HIV-1 infection. We were also able to recapitulate the high-level granzyme expression of memory CD8 + T cells seen in chronic HIV-1 infection by exposing PBMCs of healthy controls to IL-15 in vitro. We suspect that IL-7 is less important in this regard, as IL7 RNA levels in these nodes were similar in all 3 subject groups (not shown), and T cell responsiveness to IL-7 is thought to be impaired in chronic HIV infection as a result of LN fibrosis (37) and via inhibition of IL-7 signaling by inflammatory cytokines (20, 38, 39) . Further studies are warranted to identify the cellular source of IL-15 that appears to drive memory CD8 + T cell activation and expansion in untreated HIV-1 infection. The diffuse IL-15 staining in our LN sections is consistent with a stromal cell source as suggested by murine studies (40) , and the high levels of IL-15 expression in these tissues may help to drive tissue damage (41) and fibrosis (37, 42) that characterize chronic HIV-1 infection.
Not all memory CD8 + T cells are "authentic" memory cells derived from encounter with foreign antigen, as memory-phenotype cells can be generated after exposure of CD4 + (43, 44) and CD8 + T cells (45) to cytokines alone. We suspect that enrichment of viral peptide-reactive memory CD8 + T cells among cycling and granzyme B-expressing cells reflects the increased responsiveness of authentic memory CD8 + T cells (43) in response to IL-15 exposure in vivo as we have demonstrated in vitro. In this regard, we and others have recently shown that HIV-1-infected people who are also CMV-coinfected have higher circulating CD8 T cell numbers than do CMV-seronegative patients (46, 47) . In light of our demonstration that effector memory cells with memory for viral peptides demonstrate a heightened cycling response to IL-15, it may not be surprising that chronic infection with CMV that typically commands a substantial proportion of the T cell repertoire (8, 48) is associated with profound CD8 + T cell expansion in chronic HIV-1 infection. A proposed model of CD8 T cell expansion in chronic HIV-1 infection is shown in Figure 7 . Upon HIV-1 infection an IL-15 "danger signal" (41) is induced in the LNs, increasing the cytolytic potential and numbers of CD8 + T cells, especially CMVspecific effector memory CD8 T cells that persist even after HIV-1 replication is controlled by ART.
What drives increased LN IL-15 expression in chronic HIV-1 infection? Although we could not find a correlation between IL-15 expression and plasma HIV-1 RNA levels, HIV-1 can induce IL-15 expression via TLR 7/8 ligation (49), and in chronic HIV-1 infection, increased gut mucosal barrier permeability permits systemic translocation of microbial products (50, 51) and their localization in lymphoid tissues (52) that also can induce expression of IL-15 (35) . Further research is needed to understand better how CD8 + T numbers are maintained at high levels even after years of therapy as well as how persistent CD8 + T cell expansion during chronic HIV-1 infection is associated with increased morbidity and mortality (13, 21, 22).
Methods
Study subjects. Two separate cohorts were studied. The first, in which we analyzed CD8 T cell responses, is described in Table 1 . A second cohort, in which LN IL-15 was examined, is described in Table 2 .
The HLA-A*02:01 HIV-1-infected therapy-naive patients (n = 20) had a median plasma HIV-1 RNA level of 210,000 (range 50,000-420,000) copies/ml and median CD4 + T cell counts of 414 cells/μl.
Elderly healthy control patients were all more than 70 years old. HIV-1-infected immune success (IS) (n = 12) and immune failure (n = 10) (IF) patients had median CD4 T cell counts of 610 cells/μl (range 449-830) and 249 cells/μl (range 180-308), respectively. IS and IF patients were all receiving combination ART with plasma levels of HIV-1 RNA less than 50 copies/ml. LNs were obtained from 17 control donors (median age 50, 9 male, 8 female). Inguinal LNs were obtained from 16 donors by inguinal resection under local anesthesia. One control pelvic node was obtained during clinically indicated pelvic surgery. Inguinal nodes were obtained from 13 HIV-1 + infected untreated patients fixed, and permeabilized using Cytofix/Cytoperm (catalog 554714; BD) following the manufacturer's protocol. The following antibody conjugates were used: anti-CD3-Percp (clone SK7, catalog 347344; BD), anti-CD8-APCcy7 (clone SK1, catalog 557834; BD), anti-CD45RO-FITC (clone UCHL1, catalog 555492; BD), Ki-67-PE (clone B56, catalog 561283; BD), anti-CCR7-PE-cy7 (clone 3D12, catalog 557648; BD), and anti-granzyme B-Alexa 647 (clone GB11, catalog 560212; BD). After staining, samples were examined by flow cytometry (Quant; Miltenyi Biotec) and analyzed using FlowJo software (Tree Star). Anti-CD71-PE antibody (clone M-A712, catalog 555537; BD) was used for cell sorting.
Cell culture. All PMBCs were derived from peripheral blood sampling. PBMCs were isolated from peripheral blood or apheresis donor packs by sodium diatrizoate density centrifugation (Amersham Biosciences). Samples were cryopreserved using FBS (Gemini Bioproducts) supplemented with 10% DMSO. Cryopreserved samples were maintained in liquid nitrogen (gas phase) and thawed for subsequent usage. Recombinant human cytokines-IL-2 catalog AFL202, IL-7 cat-(median age 34, 10 male, 3 female) and 12 HIV-1-infected patients on ART (median age 47, 11 male, 1 female). Patient characteristics are detailed in Table 2 .
MHC class I tetramers. BV421-labeled MHC class I HLA-A*02:01 tetramers were obtained from the NIH Tetramer Facility (Atlanta, GA). Tetramers were loaded with the pp65 CMV peptide NLVPM-VATV, the influenza matrix peptide GILGFVFTL, and the HIV-1 pol peptide ILKEPVHGV.
MHC class I haplotyping. HLA typing was performed using single specific primer-polymerase chain reaction (SSP-PCR) low/high-resolution conventional genotyping kits (QIAamp Kit; QIAGEN). In brief, DNA was extracted from blood using the QIAamp 96 blood kit followed by an intermediate-resolution sequence-specific oligonucleotide probe PCR (SSOP-PCR) typing and high-resolution SSP-PCR subtyping (53).
Flow cytometry. Cells were stained with fluorochrome-labeled monoclonal antibodies at 4°C for 30 minutes or with peptide-tetramer complexes for 1 hour at 37°C. After surface staining, cells were washed, 
. For a productive in-frame sequence x, P (x) = sequence count/total productive count. Greater entropy values reflect greater diversity.
Study approval. This study was approved by the IRB at University Hospitals/Case Medical Center, and written informed consent was obtained from all patients.
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Vβ distribution analysis. Identification of T cells expressing different Vβ T cell receptor chains was performed using the IOTest Beta Mark TCR Vβ Kit (catalog IM3497; Coulter). Frozen PBMCs were thawed in RPMI supplemented with 10% human serum, rested for 1 hour at 37°C, and stained with anti-CD8-APCcy7 (BD), anti-CD3-Percp (BD), BV421 anti-CD45RO (clone UCHL1, catalog 562641; BD), rat anti-human CCR7-PEcy7 (BD), and the commercial panel of 24 anti-Vβ antibodies recognizing Vβ1, Vβ2, Vβ3, Vβ4, Vβ5.1, Vβ5.2, Vβ5.3, Vβ7.1, Vβ7.2, Vβ8, Vβ9, Vβ11, Vβ12, Vβ13.1, Vβ13.2, Vβ13.6, Vβ14, Vβ16, Vβ17, Vβ18, Vβ20, Vβ21.3, Vβ22, and Vβ23, each linked to FITC, PE, or both. Cells were then fixed and permeabilized (BD) and stained with anti-Ki-67-Alexa 647 (clone B56, catalog 558615; BD).
CDR3 sequencing. We have established that the cell surface transferrin receptor CD71 is a near-perfect surrogate for Ki-67 (Supplemental patients and 3 healthy donors were FACS-sorted (BD FACSAria). Purity was greater than 90%. CDR3 regions of the Vβ segments were deepsequenced and analyzed using immunoSEQ analyzer software (Adaptive Biotechnologies). See Statistics below for calculation of entropy. IHC staining for IL-15. Inguinal LNs were obtained by surgical resection and fixed in paraformaldehyde (4%), followed by embedding in paraffin blocks. IHC staining using mouse anti-human IL-15 (clone BDI150, catalog ABIN235712; Antibodies-Online) was performed using a biotin-free polymer approach (mouse Polink-2; Golden Bridge International) on 5-μm tissue sections mounted on glass slides, dewaxed, and rehydrated with double-distilled water. Antigen retrieval was performed by heating of sections in 10 mM citrate buffer, pH 4.0 (Golden Bridge International), in a pressure cooker (Decloaking Chamber model DC2002; Biocare Medical) at 122°C for 30 seconds. After cooling of slides and washing in double-distilled H 2 O, slides were incubated with proteinase K (2.0 μg/ml in 20 mM Tris-HCl containing 2 mM CaCI 2 ; Fisher Scientific) for 15 minutes at room temperature. Tissue sections were incubated with 1.5% (vol/vol) H 2 O 2 in Tris-buffered saline (TBS) (pH 7.4) for 10 minutes to block endogenous peroxidases and then incubated in blocking buffer (TBS with 0.05% Tween-20 and 0.5% 
